ABSTRACT: In recent years, the Government of the Russian Federation considerably increased attention to the exploitation of the Russian Arctic territories. Simultaneously, the evaluation of snow avalanches danger was enhanced with the aim to decrease fatalities and reduce economic losses. However, it turned out that solely reporting the degree of avalanche danger is not sufficient. Instead, quantitative information on probabilistic parameters of natural hazards, the characteristics of their effects on the environment and possibly resulting losses is increasingly needed. Such information allows for the estimation of risk, including risk related to snow avalanches. Here, snow avalanche risk is quantified for the Khibiny Mountains, one of the most industrialized parts of the Russian Arctic: Major parts of the territory have an acceptable degree of individual snow avalanche risk (<1 • 10 -6 ). The territories with an admissible (10 ) degree of individual snow avalanche risk (0,5 and 2% of the total area) correspond to the Southeast of the Khibiny Mountains where settlements and mining industries are situated. Moreover, due to an increase in winter tourism, some traffic infrastructure is located in valleys with an admissible or unacceptable degree of individual snow avalanches risk.
INTRODUCTION
In the Russian Arctic, where seasonal snow cover is one of the most important components of the environment, the regions endangered by snow avalanches include: the Khibiny Mountains at Kola snow avalanche danger is estimated for the Khibiny Mountains and some areas in the Magadan region. At the same time, from an economic point of view these regions are highly developed Arctic territories.
The region of the Khininy Mountains is unique because of the long-term welldocumented dynamics both in industrial development and in natural hazard activity. The development in the Khibiny Mountains started in 1929, when a decision was made to establish an apatite-nepheline mining industry of nationwide importance in this area. The industry appeared in a previously almost unsettled area during a few years. The developers immediately faced the threads of natural hazards, mainly of snow avalanches, they were entirely unprepared during the 1930 s . After severe losses, the Centre of Avalanche Safety JSC "Apatit" was established, one of the oldest avalanche warning services world-wide.
In 2012, practically all types of infrastructure facilities can be found in the region, including roads and rail roads, pipelines, electric power lines, mining manufactures -both open and pit type, residential buildings, as well as tourism and alpine ski complexes. The industrial complex changes the topography of the territory. While some old mines with the entire corresponding infrastructure are abandoned, new mines in other locations appear. Simultaneously, the development of the tourism industry is remarkable. Due to these changes, the region is a perfect natural "laboratory" for risk assessment and for further development of the conception of risk.
Of course, the processes of snow avalanche formation and the avalanche site distribution also have their unique features in the Khibiny Mountains. Both are determined by the Arctic climate conditions (intensive blizzards, polar night). Moreover, anthropogenic changes of relief including those in the avalanche formation zones are responsible for changes in the conditions of snow accumulation. Numerous natural releases of snow avalanches at the same sites during one winter season, and scheduled artificial snow avalanche releases as a result of Active Avalanche Control are a typical characteristic of this mountain region.
However, without doubts, in-depth analysis of all these unique features within the overall framework of the recently accepted concept of risk can become a base for risk considerations in the Arctic region exploration and development, and would be of considerable importance with respect to further adaptations of the concept of risk for planning development activities in any other territory.
NATURAL CONDITIONS IN THE KHIBINY MOUNTAINS
The area of the Khibiny Mountains is about 1300 km 2 and the cross-section dimension of the massif is approximately 40 km. The Khibiny Mountains represent a tectonic rise of an intrusion of the nepheline syenite -the single massif with flat top, divided by valleys formed among tectonic faults [Myagkov & Kanaev, 1992] . Numerous denudation craters and erosional cuts complicate the slopes. Quite common are nonsegmented slopes. Cirques and corries* 1 can be found at the highest altitudinal zone.
The absolute altitudes of the Khibiny Mountais are nearly 1200 m a.s.l. The highest top is Mt. Yudychvmchorr (1200,6 m a.s.l.). The tops are usually flattened or slightly inclined, which is favourable for intensive wind-driven snow transfer and formation of snow cornices and extra snow accumulation on the leeward slopes. The slopes of the valleys are rectilinear or slightly concave with inclination of about 30°. The heights of mountain slopes are 400-700 m.
The winter weather conditions at the Kola Peninsula are determined by alternation of intensive cyclonic activity with periods of anticyclonic weather. The mean annual temperature decreases from -0,5°C in the foothills of the Khibiny Mountains to -4,9°C at the tops. Stable temperatures below 0°C are found from November to April. The minimal temperatures at all the meteorological station in Khibiny Mountains were registered in January-February. Thawing can happen during winter seasons.
The mean total annual amount of precipitation depends on altitude and is in the range of 1461 to 640 mm. The cold season part of this also depends on altitude. At altitudes above 300 m it is more than 50% from annual, while below it is less the 50%. The cold seasons' regime of precipitation is irregular. The maximal cold season monthly precipitations take place in the beginning of a winter (October-November). The monthly precipitation amount decreases in December and January, decreases even more from February till April-May, and then increases up to and including September, which represents the annual maximum in precipitation amount.
The wind regime of the Khibiny Mountains is characterized by intensive cyclonic activity over whole the year. Winds of East (33%) and North (31%) directions prevail on the mountain plateaus. Others are the winds of South (27%) and West (9%) directions. The long-term mean wind speed changes from 1,6 m s -1 at "Vostochnaya" to 6 m s -1 at "Tsentral'naya" weather stations. The wind regime is characterized by frequent and strong gusts. The gusts are recorded in 20% of windy days in Kirovsk. The gustiness increases with altitude -it is 35-40% at the Lovchorr plateau [Zyuzin, 2006] . The wind speed of gusts in the region of Kirovsk was reported up to 48 m s The snow cover in the Khibiny Mountains is formed in the conditions of segmented relief under the influence of wind-driven snow transfer and has high spatial and temporal variability (Fig. 2) . Figure 3 shows the dynamics of the maximal snow cover depth at the meteorological station of the Khibiny educationalscientific base of the MSU. The data can be interpreted as representing a slight increase of the winter maximal snow cover depth over time, with high inter-annual variability.
THE CONCEPT OF RISK
The term "risk" is rather new in ordinary life and environmental scientific literature in Russia. Not long ago, the terms "risk" and "damage" were often considered as equal. For distinction, the "damage" can be interpreted as the weighted consequences of processes and their effects presented in some units, while the "risk" is the probability of such consequences. Three approaches to the "risk" definition can be allocated: statistical, institutional and social-psychological (behavioural).
The most prominent definition of risk in scientific literature is related to statistical characteristics. The following can be noted among them: the probability of danger appearance [Ragozin, 1995; Osipov et. al., 1999] ; the potential danger of obtaining undesirable (negative) results [Osipov et. al., 1999] ; the repeatability of events with certain intensity [Porfir'ev, 1991; Myagkov, 1995b] ; the mathematical expectation of losses, the probability of events -death, illness, accident, catastrophe, probability of event multiplied by its consequences [Bykov & Murzin, 1997; Myagkov & Shnyparkov, 2004] ; the mathematical expectation in terms of a decrease in life time [Bykov & Murzin, 1997; Myagkov & Shnyparkov, 2004] , the probability of occurrence of undesirable event [Kovalev et al., 1991] , etc.
The institutional approach in the determination of risk may be traced back to Beck [1992] . He characterized the modern society as a "Risk society" and his "risk" definition was interpreted in Russia as a result of certain accepted decisions by a group of persons. This aspect was studied in details by Porfir'ev [1991] during the analysis of management in emergency situations. The similar definition is widely used in jurisdiction [Bratus' , 1976; Oigenzikht, 1984] .
Socio-psychologists note the specific of relation of a person or group of persons to risk [White, 1976; Al'gin, 1989] . At the end of the 20 th century the challenge of ethnocultural differences in the attitude to risk was raised [Myagkov, 1995a; Vashchalova et al., 1997; Myagkov et al., 2003 ]. These works consider attitude to natural and other risks as determined by inherent perception and ethnic experience.
It is very recent when scientists came to a common definition and understanding of the risk term. The Russian definition of "risk" as accepted by majorities is the probability of an undesirable consequence of a hazard, thus making the "snow avalanche risk" to be the probability of undesirable consequences of the effects of snow avalanches on society and industry.
Around the world, risk has been a focal topic of many scientific and professional disciplines as well as practical actors. Consequently, a broad range of conceptualizations of the term exists that show, nevertheless, as lowest common denominator the combination of the likelihood that an undesirable state of reality may occur as a result of natural events or human activities [Kates & Kasperson, 1983] . Undesirable states of reality are linked to damage, loss, or similar negative and thus adverse effects to those attributes valued by mankind [Seliverstov et al., 2008] . Although the potential for something adverse to occur is appreciated, there is uncertainty when it will realize its potential. This inherently implies that people do make causal connections between the trigger of an event and the consequences. Therefore, this concept is directed towards the future state of the studied system [Renn, 2008b] .
Technically, these processes and situations that have the potential to bring about undesirable states of reality are referred to as a hazard, while two different meanings thereby exist: (1) the physical process or activity that is potentially damaging; and (2) the threatening state or condition, indicated by likelihood of occurrence and described by a likelihood or probability of occurrence of a given magnitude in a specified location and a specified period of time [Myagkov, 1995b; Fuchs, 2009] . Following the latter and thus funnelling down the latent danger of a specifically defined hazard setting, results in the concept of risk, once the adverse effects can clearly be linked to these settings and quantified by numbers. The definition of risk, therefore, contains three elements:
(1) outcomes that have an impact upon what humans value; (2) the likelihood of occurrence; and (3) a specific context in which the risk may materialize [Renn, 2008b] . Thus, risk is the potential loss to the exposed system, resulting from the convolution of hazard and consequences at a certain site and during a certain period of time. In the perspective of natural sciences, this relationship is regularly expressed by the risk equation (Equation 1), which with respect to natural hazards is conceptualized by a quantifying function of the probability of occurrence of a hazard scenario ( p Si ) and the related consequences on objects exposed (c Oj ):
The consequences can be further quantified by the elements at risk and their extent of damage [e.g., Fuchs, 2009] , and specified by the individual value of objects j at risk (A Oj ), the related vulnerability in dependence on scenario i(v Oj, Si ), and the probability of exposure (p Oj, Si ) of objects j to scenario i (Equation 2).
This quantitative definition of risk provides the framework for probabilistic risk assessment and has its roots in both technical risk analyses [e.g., Schneider, 1991] and actuarial analyses [e.g., Schwarz, 1996; Freeman & Kunreuther, 2003 ].
Nevertheless, this technical concept of risk analysis has attracted certain criticism from the social sciences' side [Freudenburg, 1988; Adams, 1995] The institutional structure of managing and controlling risks is prone to organizational failures and deficits that may increase the actual risk [Short, 1984] ;
Risk analyses cannot be regarded as an objective, value-free scientific activity [Fischhoff, 1995] and values are reflected in how risks are characterized, measured, and interpreted;
The numerical combination of magnitude, frequency and consequences assumes equal weight for the hazard component and the elements at risk exposed. Consequently, no difference between high-consequence/ low-probability and low-consequence/ high-probability events is made, whereas people show distinct preferences for one or the other [Slovic, 1987] [2004] present a method of how to convert analogue hazard information into a GIS environment. As a result, the types of potential processes under consideration will be classifiable. Additionally, the physical extent of each process will be identified, including location, spatial extent and possible volumes available for displacement.
The quantitative process characterization includes: (1) the determination of the occurrence probability of the studied processes, i.e. the recurrence interval and as such the frequency of the event; and (2) the quantitative estimation of principal process parameters needed for hazard assessment, i.e. the process magnitude, runout length, and deposition area [Fuchs et al., 2008] . In order to describe the frequency of an event, several probability concepts may be used. However, with respect to mountain hazards, the probability of the event itself is often not quantifiable due to a lack of measurement data resulting from the complexity between cause and effect [Fuchs & McAlpin, 2005; Vilchek et al., 2005] . Consequently, the probability of the main triggering mechanism (e.g., recurrence interval of meteorological phenomena) or the probability to reach a defined point during run-out in the deposition area will be used as a proxy instead, which results in considerable uncertainties of the hazard assessment [Mazzorana & Fuchs, 2010] . Therefore it is necessary to explicitly define the probability value to be used in a set of calculations. Despite considerable efforts to propose the likelihood of process occurrence in a particular catchment, there are no rigorous methods that allow a strict assessment for the determination of an exact probability of occurrence so far, neither based on physical characteristics of a catchment nor statistical analyses [Fuchs et Avalanche risk includes the probability of various losses caused by snow avalanche impact over a definite period of time in the certain area [Myagkov, 1995b] . These losses can be expressed by use of different indices:
Annual number of fatalities;
Probability of decease of an individual from the particular group of people living within the given area permanently or staying there temporarily;
Probable damage magnitude;
Probable proportion of destroyed and damaged buildings and other constructions;
Probable costs of forced stoppage emerged in transportation systems as a result of avalanche activity.
Possible damage evaluation takes into account various social and economic parameters, as well as a number of avalanche activity characteristics, which determine the probability of losses [Molotkov, 1992; Seliverstov, 1992] . Thematic maps compiled by researchers of the MSU Faculty of Geography [Kotlyakov, 1997] were used as the principal source of snow and avalanche information. Calculations were made with the help of GIS MapInfo. All areas under investigation were divided into exact squares (grid cells), each side of which equalled 3 km on the map applied as a basis for estimation.
To get the values of avalanche risk indices for all grid cells subsequent calculations of the following parameters were made:
Population vulnerability in time (v t ): This index defines the duration of stay (time of exposure) of an individual in avalanche hazard areas during the average day and year.
It is estimated as a function of the duration of stay of an individual and his possible location within the dangerous territory:
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where t d is the average duration of stay of a typical local individual within the dangerous territory during one day, t y is the average duration of stay of a typical local individual within the dangerous territory during one year. The values of t y correspond to the annual duration of avalanche danger period (the number of days).
Population vulnerability in space (V s ):
This is a function of a degree in which a territory is exposed to the impact of snow avalanches:
where S y is the area of a hazard zone (exposed to the impact of natural disaster) within the territory under investigation, S t is the total area of the given territory. Small-scale estimation of this index presents a rather difficult task. That is why the corresponding figures were calculated on the basis of a close correlation, existing between the susceptibility of a territory to snow avalanches and such parameters as absolute height, relative height and landscape type, proved by Blagoveshchenskii [1991] . To determine particular values of the index both hypsometric and landscape maps of different territories under investigation were used.
Complete social (collective) avalanche risk (R col ) of fatal accidents among people is a function of the population vulnerability in time and space, avalanche frequency and population density:
where F is the recurrence interval of avalanches, d is the density of population in the area under investigation. This index shows the annual number of fatalities as the result of an avalanche impact.
Individual avalanche risk (R ind ) is the probability of fatal accident led to the death of an individual from some group of people within the territory under investigation for the period of one year. This index is calculated by dividing the complete social risk on the total population of the given area ( p): characterize unacceptable risk areas, where no new construction projects are permitted and for existing systems and developed lands a whole set of avalanche control measures is necessary and compulsory to protect the population and to lower the level of risk.
AVALANCHE ACTIVITY AND RISK IN THE KHIBINY MOUNTAINS
In average, the duration of an avalancheendangered period in the Khibiny Mountains is 240 days. The mortis causa were reported immediately after the first snowfalls. Normally, the releases of snow avalanches are noted in October and continue up to May. In some years the first snow avalanches releases were observed even in September, while the last were observed in June. Most of snow avalanches releases (slightly more than 50%) happen in the period from February to April.
Practically all the types of snow avalanches (classification by "cause of formation" [Akkuratov, 1972] According to the classification, constructed on the base of quantity of avalanche paths per km of thalweg against the repeatability of avalanches per season [Vikulina, 2009] , most of the region of the Khibiny Mountains corresponds to a high and medium degree of snow avalanche activity (Fig. 4) .
The total amount of registered fatalities from the 1930 s to 2012 by the Centre of Avalanche Safety JSC "Apatit" caused by snow avalanches in the Khibiny Mountains is 164. Their dynamics are presented in Figure  5 . Taking the long-term mean quantity of people in the region as 34 000, the average implemented individual snow avalanche risk for whole the area is 6,3 • 10 -5 . This put the degree of individual snow avalanche risk to the middle of the scale [Vorob'ev, 2005] between acceptable and unacceptable. Thus, any considerable changes in population or avalanche activity can move the total degree of risk in any direction. At higher resolution the variability is high (Fig. 6 ). Figure 6 also shows the on-going change in the category of the majority of the snow avalanches victims -from the locals to the visiting tourists. Figure 6 shows the results of the individual snow avalanches risk estimation for the Khibiny Mountains by the method described above.
CONCLUSIONS
The presented assessment of risk in the Khibiny Mountains allowed to conclude that the most of the analysed territory corresponds to acceptable (<1 • 10 Kuniiok, where most popular winter touristic routes are. Thus, the main threat from snow avalanches is to mining industry, motor and railroads, ski resorts and winter tourists. The territories with the highest avalanche activity (Fig. 4) are not the same as the territories with the highest individual snow avalanches risk (Fig. 6) .
The further development of the territory will, without doubts, change the pattern presented by Figure 6 . However, at present time the 100% justification of the snow avalanche forecast is impossible. It also applies to complete termination of the people access to the avalanches-endangered slopes during the avalanche-endangered time periods, which does not allow expectation of 100% success in Active Avalanche Control. Due to high cost, the 100% protection of people by technical mitigation measures can hardly be expected. Thus, the spatial and temporal vulnerability of people to snow avalanches in the Khibiny Mountains cannot be eliminated. It can be decreased by effective avalanche-protective measures and by education of local people and visitors.
The long-term experience from the Khibiny Mountains should be accounted for in the planning of the future development of other regions in the Russian Arctic. Not only new industrial facilities should not become victims of disastrous mistakes in positioning of building in dangerous sites (the 89 fatalities at December 5 1935 at Figure 5 ), but simplification of the access to a site inevitably brings visitors to a developing area, which are not always prepared to natural conditions in there, and which the area is not completely prepared to receive in safety. 
